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Amendments to the Specification: 

Please insert the following paragraphs before the first paragraph on page 5: 
An aspect of the present invention is base d on generating differential log records 
usin g the bit-wise exclusive-OK OCOR^ op e rations, and applying the differential log records 
in an arbitrary order to mil forward for the redo operation and roll back for the undo 
o peration. That the execution order is inde penden t from the order of log record creation is 
hased on the followi n g mathematical obs ervations. 



Definition of the differe ntial log record 

Tf an u pdate operation using transaction chan ges the value b t -i of a slot (the slot 
denotes a part of the database: it can be a field a record, or any other database object) to b t , 
then the corresponding differential log recor d Ar is defined a s h t ® b H , where b t is the slot 
after the, t-th update occurs. 0 denotes the b it-wise XOR operation, and b t -i is the slot before 
the, t-th update occurs. 

Theorem 1: Recoverahilitv (for r ^n and undo^ using differential log records 
Assnme that the valne of a slot has chan ged from bn to b m by m number of updates, 
and each update n T ft = 1 m ) has generated the differential log record A t . Then, the final 
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value bm can be recovered (for the redo operation) from using the initial value bo and the 
differential log records. In the same way, the initial value bo can be recovered (for the undo 
operation) from using the final value btp and the differential log records. 

(Proof) 

XOR operations are commutative and associative. For any binary numbers, p. q. and r. 

p 0 q = q 0 p (Commutativity) 

fp 0 q) 0 r = p 0 (q 0 r) rAssociativity^ 

Therefore. 

i) Recovery of bm from bo : 

bo 0 Ai 8 Ai 0 ... 0 An, 

= bo0 (bo0bi) 0 (bi0b^ 0 ... 0 rtwi8h^ 

= (bn0bn) 0 (bi0bi) 0 ... 0bm 

= 0 8... 0 0 0 b™ 



ii) Recovery of bo from b m : 

b m 0 Am 0 Am-1 0 ... 0 Al 

= b m e rb m .iebj) e ... ® (bn@hi) 
= b m e fo m eb m ^ ® ... e rhi®b^ 
= (b m e ® (iwi e b.n-0 e ... e bn^ 

= 0 0... ® 0 ® bn 
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Theorem 2: Order-independence of redo and undo operations 

For redo operations given the initial value U of a slot and differential log records A tl 

where. t= 1 m. the final value b™ can he recovere d (for the redo operation') from 

appl ying the differential log records in an arbitrary o rder . In the same way, the initial value 
hn ran he recovered (for the undo operati o n^ from applying the differential lop records in an 
arbitrar y order. 

(Proof) 

Assume that differential log records are app lied in the order of Am, Am Af m ) where 

A (t) is selected in an arbitrary order from th e , set o f sequentia ll y -generated differential log 

records {Ai A m -i. A m L 

Then, the final value of the slot is 

ho e Am e a™ e ... e a^ 

Since ® is commutative the order of applying Am can be changed into the following 
sequence. 

hn ® Ai 0 A? ® ... 6 A m 
This completes the pro of for the redo operation. 
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The, same proof applies to the un do operations. 

Theorem 3: Order-independence between r edo and undo operations 

Assume that there, are n differential log re cords to be redone, whose redo operations 

are, denoted by Rj (i = 1 n). and m differential l o g records to he undone, whose undo 

operations are denoted hv U; () = 1 m\ Then, all the following execution sequences 

result in the same state of the d atabase. 



Sequence 1 ■ (undo phase after redo phased Ri r R?. . . . Rn. U-i. U? Um 

Sequence 2- fredo phase after un d o phase") Ui. U? U m , Ri, R?, ■ ■ ., R n 

Sequence 3. (reAo and undo in a sin g le phased anv permutation of { Ri, R?, • . . R n , Ui. U& 
....Up,) (for example, Ri. Ui. R? , R* U? Rn 



(Proof) 

The theorem results from the commuta t ive and associative properties of XOR operations 
involved in the redo and undo operations. 
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